The article discusses the results of tests on the impact of long-term stress relief annealing at 620-650°C and cooling at a rate of 10°C/h on the mechanical properties of low-alloy weld deposits of covered electrodes containing 1.5-3% Ni, 0-0.3% Mo and 0.01-0.03% P. The article also contains information on the most advantageous nickel content for obtaining the highest impact energy (KV) values in subzero temperatures. X-ray structural analysis revealed that such weld deposits contain solely Fe 3 C carbides, which prevents the impact of molybdenum carbides on the change of KV. The study also confirmed the adverse effect of phosphorus on the weld deposit impact energy after long-lasting heat treatment.
Introduction
Often during the manufacturing of thick-walled welded constructions of low-alloy steels it is necessary to carry out heat treatment consisting in long-lasting (up to 100 hours) stress relief annealing at 580-650°C followed by very slow cooling. As a result of such heat treatment, the likelihood of temper brittleness both in the parent metal and in the weld increases, which can be primarily attributed to the segregation of contaminants (e.g. P, Sn, Sb and As) on grain boundaries [1] . The aforesaid type of brit- * E-mail: Jerzy.Niagaj@is.gliwice.pl tleness can also be triggered by alloying elements such as chromium, manganese, molybdenum, nickel, titanium and others, whose impact (positive or negative) is, in most cases, explicitly directed. In some cases, however, the impact depends on the content or the proportion of the element in the steel.
Technical publications on the subject extensively describe the impact of increased temperatures during the production or utilization lifetime of the material on the segregation of contaminants and on the mechanical properties of 2.25Cr-1Mo, 1CrMoV and 3.5NiCrMoV steels used in thick-walled nuclear reactor vessels and turbine wheels [2] [3] [4] . Significantly fewer publications can be found with reference to low-alloy steels grade LF5 acc. to ASTM A 350 with 1-2% Ni content [5] or the similar Russian steel 09N2MFBA-A (Table 1) , used in the manufacturing of thick-walled (up to 250 mm) spent nuclear fuel transport and storage casks [6, 7] . This study presents experimental results on the impact of long-term stress relief annealing at 620-650°C followed by slow cooling on the mechanical properties of the weld deposits of covered electrodes used in welding of thickwalled elements of ASTM A 350 LF5-type low-alloy steels.
Materials and methods
The test joints of the weld deposits used in testing of mechanical properties were prepared applying experimental variants of low-hydrogen covered electrodes with a diameter of 4 mm. The electrode cores were made of the SpG1-grade wire (EN ISO 14171-A -S1) of various S and P contents ( Table 2 ). The test joints were welded at 160-180 A DC+ and 21-23 V arc voltage. After welding, the joints were subjected to heat treatment consisting in heating them up to 620°C, maintaining at that temperature for 5 hours, increasing the temperature to 650°C, exposing the joints to the increased temperature for 10 hours, followed by slow cooling to 300°C at a cooling rate of 10°C/h. The chemical composition of the weld deposits was determined by means of X-ray Fluorescence spectroscopy. The impact energy (KV) of the weld deposits was determined applying ISO-Charpy V specimens in the −60°C to +20°C temperature range. The tests results were assessed pursuant to the requirements referred to in the ASTM A350 standard, according to which the minimum impact energy for the LF5 steel amounts to 20 J at −59°C (−75°F), with the yield point being min. 205 MPa and tensile strength contained in the 415-585 MPa range [5] . In case of the 09N2MFBA-A-grade steel the minimum impact energy amounts to 27 J at −50°C.
Results and analysis
The first stage of tests involved the preparation of two series of experimental electrodes (A and B) with the application of S1 cores of phosphorus and sulphur content typical for this grade of wire ( Table 2 ). The nickel content in the weld deposit of the electrodes varied within the 1.5-3.3% range. Two levels of molybdenum content were used: 0.3% in series A, and 0.2% in series B (Table 3) . The content of carbon, silicon, manganese and sulphur was not altered and remained on a relatively constant level of 0.7% C, 0.3% Si, 0.7-0.9% Mn and 0.020% S. The abovementioned range of nickel content was selected on the basis of the chemical composition of the steel and the typical chemical composition of weld deposits of covered electrodes used in the welding of steels operating in subzero temperatures, according to catalogue data of leading commercial producers of welding materials. In turn, the molybdenum contents of 0.2 and 0.3% were selected on the grounds of reference publications, according to which this chemical element prevents the development of temper brittleness, yet its amount should not exceed 0.3-0.6% [8] .
The test results on the impact energy (KV) of the weld deposit of the electrodes of series A and B revealed that obtained values are very low already at −40°C (Table 3) . It was ascertained that slightly higher impact energy is characteristic of the weld deposits of series B, containing approx. 0.2% Mo, with the nickel content being 2.95 and 3.16%. In case of the weld deposits of series A with the molybdenum content standing at 0.3%, the highest impact energy in subzero temperatures characterises the weld deposit with the nickel content of 3.29%.
On the basis of the results obtained in the tests on impact energy, two additional series of electrodes (C and D) were prepared. The weld deposits of the electrodes of series C contained 0.15% Mo; in the weld deposits of the electrodes of series D, molybdenum was present in minute quantities (Table 4 ). In addition, the electrodes of series C and D were prepared applying the G1L electrode cores of slightly lower phosphorus content ( Table 2 ). The test results on the mechanical properties of the weld deposits of the electrodes of series C and D are presented in Table 5 .
On the basis of the tests results presented in Table 5 it was ascertained that the highest impact energies at −60°C are delivered by the weld deposits of the electrodes C2 and D1, containing 2.56 and 2.38% Ni, respectively. Only slightly lower KV was determined in case of the D2 weld deposit, containing 2.80% Ni. Considerably lower impact energy values were detected in the C1 weld deposit, containing 1.80% Ni. The above results, as well as the results of the tests carried out on the weld deposits of the electrodes of series A, indicate that the nickel content in the weld deposit should be slightly higher than that present in parent metal ( Table 1) . The results of series D tests also indicate that the absence of molybdenum in the weld deposit of the electrodes does not significantly deteriorate KV in subzero temperatures.
The absence of any effect on the impact energy of the weld deposits of the electrodes of the series D by the addition of molybdenum led to the development of two additional series of test electrodes to confirm this effect, designated E (with S1L cores) and F (with S1 cores). In these series the content of molybdenum in the weld deposit of both types of electrodes was varied between 0 and 0.3% (Table 6 ). As a result of impact energy tests it was determined that the highest KV's are delivered by weld deposits of series E containing relatively low (below 0.01%) phosphorus content, and molybdenum content not exceeding 0.2% (Figure 1a) . The weld deposits of the F1-F3 electrodes having very similar molybdenum but higher (approx. 0.025%) phosphorus content are characterised by considerably lower impact energies ( Figure 1b) ; the highest KV from this series was determined in case of the weld deposit of the F2 electrode containing 0.22% Mo (Table 6) . Based on these test results it was possible to conclude that the decrease in the impact energy (at subzero temperatures) of weld deposits previously subjected to long-lasting heat treatment is proportional to the increased content of both phosphorus and molybdenum. 
Discussion
The tests series revealed that impact energy at subzero temperatures (in the −60°C to −40°C range) of weld deposits subjected to long-lasting stress relief annealing is affected not only by the presence of phosphorus but also by that of nickel and molybdenum. The adverse effect of phosphorus leading to an increase in temper brittleness by precipitation on grain boundaries is well examined in case of the 2.25Cr-1Mo, 1CrMoV and 3.5NiCrMoV steels [2] [3] [4] .
The tests herein conducted also confirmed that in case of the 2Ni-Mo weld deposit, an increase in phosphorus content from 0.01 to 0.025% causes a decrease in impact energy at subzero temperatures. It was ascertained that with phosphorus content not exceeding 0.01% and optimum nickel and molybdenum content (Table 6 ), the impact energy of the weld deposits at subzero temperatures reaches values at −60°C that are not lower than 31 J (E1-E4), with the minimum requirement being 20 J at −59°C (−75°F) acc. to ASTM A350. Mulford et al. [9] ascertained that, unlike chromium in the case of 1.7Cr-type steel, nickel in 3.5Ni-type steel favours the increase of Sb and P concentration on grain boundaries; this being due to ageing at 480°C during 1000 h. On the basis of the above findings one might assume that an increase in nickel content will adversely affect the impact Figure 1 . Impact energies at subzero temperatures of weld deposits of electrodes of series E and F (Table 6 ) as a function of Mo contents with P content of: a) ∼0.01%; b) ∼0.025%.
energy of weld deposits after long-lasting heat treatment. The present investigation, however, revealed that increasing nickel content up to 2.5% increases impact energy at subzero temperatures (Table 5) , which can probably be attributable to the advantageous effect of nickel on the structure of the weld deposit [10] .
The tests on the influence of molybdenum in the weld deposits of electrodes subjected to long-lasting heat treatment revealed that increasing Mo content decreases impact energy at subzero temperatures ( Figure 1 ). Reference publications, however, describe advantageous effects of 0.3-0.6% molybdenum content on resistance to temper brittleness by inhibiting phosphorus segregation [8] . The tests conducted in the present study revealed that increasing molybdenum content in weld deposits over 0.2% dramatically decreases impact energy at subzero temperatures (Table 6 ). In the case of weld deposits containing approx. 0.025% phosphorus content, the negative influence of this element was so high that the observed adverse effect of increased Mo content was practically unnoticeable (Figure 1b) . By means of the X-ray structural analysis it was ascertained that only Fe 3 C carbides were present in the weld deposit, which indicates no impact of molybdenum carbides on the decrease of impact energy.
Conclusions
1. The test results on the impact energy of low-alloy weld deposits of electrodes with various contents of nickel, molybdenum and phosphorus, subjected to long-lasting stress relief annealing, revealed that the highest impact energies at subzero temperatures are characteristic of the weld deposits containing approx. 2.5% Ni, with the phosphorus content being below 0.01%, and molybdenum being not present or its content being at most 0.2%.
2. The presence of molybdenum causes a decrease in impact energy at subzero temperatures of the 2.5Ni-Mo-type weld deposit subjected to long-lasting stress-relief annealing. Depending on the content of phosphorus, molybdenum content should not exceed 0.1-0.2%.
